The interaction force between functionalized single-walled carbon nanotubes (SWNTs) plays an important role in the fabrication of self-assembled and highly ordered SWNT arrays for a wide range of potential applications. Here, we measured interaction force between SWNTs encapsulated with polymerized surfactant monolayer (p-SWNTs). The balance between the repulsion between p-SWNTs and the osmotic pressure exerted by poly(ethylene glycol) in aqueous solution results in two-dimensional hexagonal arrays of p-SWNTs with very small surface to surface distances (<1 nm). The interaction force measured by the osmotic pressure technique shows characteristic decay length of hydration force in its origin.
I. INTRODUCTION
The fabrication of ordered superstructures of nanoparticles with well defined morphology, density, and direction has been of great interest in nanoscience and nanotechnology for its wide range of potential applications. 1 Among various approaches to fabricate superlattice of nanoparticles, selfassembly is considered as the most promising method due to its scalability. Successful application of self-assembly method has led to, for example, the development of ultra-sensitive biosensors, 2, 3 molecular motors, 4, 5 or highly ordered binary nanoparticle superlattices. 6, 7 As shown in those examples of self-assemblies, there is no doubt that the success in fabricating well-organized nanoparticle assemblies relies on the understanding of the interaction between nanoparticles and their environment. 8 Single wall carbon nanotubes (SWNTs) are one of the most promising 1D nanoparticles in the field of nanotechnology for their wide range of potential applications such as nanoscale electronic devices, 9, 10 sensors, [11] [12] [13] energy storage materials, 14, 15 and reinforcement materials. 16, 17 Many efforts have been made to fabricate SWNT superstructure with desired morphology and orientations to achieve practical applications of SWNTs. Although there have been successful examples of SWNT superstructures achieved by, for example, solvent evaporation, 18 electric field, 19 flow field with functionalized substrates, 10 or self-assembly with polymeric systems, 20, 21 the realization of the various potential applications of SWNTs is, however, still at its early stage 22 and, therefore, a more deliberate and smarter approach of selfassembly is desired to accelerate the realization of practical SWNT applications. Since the self-assembly is a result of SWNT-SWNT and SWNT-matrix interactions, understanding on these interaction forces, which has not been fully exploited yet, may accelerate the advances in the design and development of SWNT applications. In many cases of self-assemblies of SWNTs, it is often desired to work with individually isolated SWNTs in aqueous solutions. Permanent surfactant coating via freeradical polymerization 23 is one of SWNT dispersion methods, which provides an excellent and stable dispersion of SWNTs in water 23 and alcohols, 24 and has been used as successful building blocks in fabricating self-assembled SWNT superstructures. 20 Therefore, understanding interaction between these functionalized SWNTs may provide crucial information in designing self-assemblies of SWNT superstructures. Here, we investigated the interaction between SWNTs coated with polymerized surfactant monolayers (p-SWNT) by using the osmotic stress method. 25, 26 The p-SWNTs form hexagonal arrays in polyethyleneglycol (PEG)/water at room temperature due to the osmotic pressure exerted by the polymers. 20 At equilibrium, the distance between p-SWNTs, which is measured by small angle x-ray scattering (SAXS), is determined by a balance between the p-SWNT repulsion force and the compressive osmotic pressure. Therefore, the force between p-SWNTs can be directly interpreted from the SAXS measurements with known concentrations of PEG in water, which determines the osmotic pressure. To the best of our knowledge, this is the first measurement on the interaction force between functionalized SWNTs.
II. EXPERIMENTAL METHODS

A. Materials
Cetyltrimethylammonium hydroxide (CTAOH), 4-vinylbenzoic acid (VBA), and poly(ethylene glycol) (PEG, MW = 2000) were purchased from Aldrich. Sodium 4-styrenesulfonate (NaSS) was purchased from Fluka. Purified HiPco single wall carbon nanotubes (purity >90 wt. %) were purchased from Carbon Nanotechnologies Inc. A 
B. SAXS measurements
SAXS measurements were performed on the 4C1 beamline at the Pohang Accelerator Laboratory (PAL), Republic of Korea, where a W/B4C double multilayer monochromator delivered monochromatic X-rays with a wavelength of 0.1608 nm and wavelength spread λ/λ = 0.01. A twodimensional CCD camera (Mar CCD, Mar USA, Inc. CCD165) was used to collect the scattered X-rays. Sample cells with a thickness of 0.8 mm were used with a mica window and sealed with epoxy. The sample to detector distance (SDD) was 1 m, covering the q range of 0.3 nm −1 < q < 3.6 nm −1 , where q = (4π /λ)sin(θ /2) is the magnitude of the scattering vector and θ is the scattering angle. The q range was calibrated using polystyrene-poly(ethylene-rbutene)-polystyrene (SEBS). All measurements were performed at 20
• C.
III. RESULTS AND DISCUSSION
The p-SWNTs were prepared by following the procedure described in Ref. 23 . Briefly, the p-SWNTs were fabricated by (1) dispersing SWNTs in water using cationic surfactants, CTVB, which have polymerizable counterions, and (2) permanently fixing the surfactant monolayer on the SWNTs by in situ free radical polymerization of the counterions, followed by ultracentrifugation and freeze drying. Small angle neutron scattering measurement of p-SWNTs in D 2 O indicates that isolated SWNTs of average diameter, 1.0 nm, are cylindrically encapsulated by polymerized surfactant monolayers whose thickness is about 2.0 nm, resulting in 5.0 nm for the diameter of p-SWNTs. 23 AFM measurements indicate that the length of p-SWNTs is ∼500 nm 23 ( Figure 1 ). The noncovalently functionalized SWNTs fabricated in this way and another similar way are very stable and easily re-dispersible in water 23, 28 or alcohols 24 by only a few minutes of mild vortex mixing even after harsh processing such as freeze drying, making them excellent building blocks for measuring the interaction force between functionalized SWNTs.
Solutions 15%, the SAXS intensities of p-SWNT/PEG in water show sharp Bragg peaks with relative peak positions of 1 : √ 3 : 2 indicating hexagonal arrays of p-SWNTs (Figure 2(b) ). As PEG concentration is increased further, the Bragg peaks shift to higher q monotonically. The lattice parameter a, the centerto-center distance between nearest-neighboring p-SWNTs in the hexagonal arrays at 10 wt. % is 5.58 nm and it decreases to 5.00 nm as the concentration of the PEG solution increases to 35 wt. %. The formation of hexagonal arrays of p-SWNTs in PEG solution is understood in terms of an osmotic depletion attraction between p-SWNTs. 29, 30 In a colloidal suspension of small and large particles, when two large particles come into contact, their excluded volumes for the small particles overlap to increase the volume available to the small particles. Therefore, the aggregation of large particles increases the entropy of the system, making the aggregation of large particles more favorable. This is called depletion attraction. 31 The depletion attraction force induced by small particles is equivalent to their osmotic pressure which increases with concentration. Typically, the role of small particles can be done by soluble and nonadsorbing homopolymers. In the p-SWNT/PEG mixture in water, p-SWNTs are aggregated by the depletion attraction force induced by PEG homopolymers, forming hexagonally packed arrays. Similar hexagonally packed arrays have been observed for other rod-like particles such as DNAs 32 or microtubules 33 mixed with PEG homopolymers in water. The size of p-SWNT arrays was estimated to be 83.6 ± 6.5 nm along the (10) plane based on Warren's approximation 34 using the width of scattering peaks, implying that each hexagonal array consists of approximately 250 p-SWNTs.
The fact that the hexagonal structures are formed at nonzero osmotic pressure and the lattice parameter decreases monotonically with increasing osmotic pressure suggests that the net interacting force between p-SWNTs is repulsive. The strength of this repulsive force between p-SWNTs can be directly estimated from the osmotic pressure of PEG solution which balances the repulsive force. There are various kinds of well-known interaction forces among colloidal particles in suspensions such as van der Waals force, electrical double layer force, hydration force, and steric force. 35 The van der Waals force is an attractive force and is known to be strong (∼40 k B T/nm) between bare SWNTs. 36 In the p-SWNT solutions, however, the van der Waals force between bare SWNTs are blocked by encapsulating surfactant monolayer with ∼2 nm thickness and thus can be disregarded in the force balance to form hexagonal arrays of p-SWNTs. Instead, the van der Waals force between surfactant monolayers on the neighboring p-SWNTs comes in to play. The electrical double layer force exists in charged colloidal systems. The force between two surfaces or molecules with charge distribution of same kind is usually repulsive and roughly an exponentially decaying function of the separation distance. For two parallel charged cylinders of radius R, the force per unit length is given by
where 37 The constant Z is defined by
where 0 is electron constant, is relative permitivity, k B is Boltzmann constant, T is temperature, e is the electron charge, z is the valence of the polyelectrolyte in the solution, and ψ 0 is the surface potential of the cylinders. The
Debye length is calculated by using κ
, where . The pressure resulting from this repulsive electric force is roughly estimated to be hundreds of Pascal, which is a few orders of magnitudes lower than the osmotic pressure (∼10 6 Pa) used in the experiment to form hexagonal arrays. This indicates that the electrostatic repulsion force may also be disregarded from the balancing forces for the formation of hexagonal arrays of p-SWNTs observed in our PEG solution. The hydration force is believed to be originated from the structured water layers near the surfaces of particles, therefore short-range interaction force, and is known to decay exponentially with the separation distance, D. 38 Considering the very small separation distance (less than 1 nm) between the surfaces of p-SWNTs in the hexagonal arrays and the exponential relation between P and distance (Figure 3) , the characteristics of the balancing force between p-SWNTs seems to agree well with this hydration force. Lastly, the force commonly found between colloidal particles is steric force. When two surfaces covered with polymers approach, the entropy of confining these chains results in a repulsive entropic force, which is known as the steric repulsion. For p-SWNTs, steric repulsion is also expected when the surfactant layers surrounding SWNTs approach very closely. However, it is believed that there is no simple, comprehensive theory available to describe steric repulsions in general. The magnitude of the force between coated surfaces may depend on the quantity or coverage of polymer on each surface, or on the quality of the solvent. 35 Therefore, we first tried to describe the pressure vs. interaxial spacing data by using a general form of exponentially decaying function. The pressure, P, an exponentially decaying function of interaxial spacing a can be written as
where A is the proportional coefficient and λ is the exponential decay length. Figure 3(a) shows the plot of osmotic pressure vs. interaxial spacing between p-SWNTs. The interaxial spacings were directly calculated from the peak positions of measured SAXS intensities. The osmotic pressure of a given concentration of PEG was determined by using the publicly available data. 33 exponentially decaying function, in principle, satisfies the characteristics of both the electrostatic repulsion force and the hydration force. 41, 42 In Figure 3 (a), a curve fitting over all data range resulted in λ = 0.19 ± 0.01 nm, which is close to the typical decay length (∼0.3 nm) of hydration force 41, 43 in lipid or biological systems and much shorter than that is typically expected for the electrostatic repulsion interaction in DNAs or microtubules (λ ∼ 1 nm). 33, 42 In the case of electrostatic repulsion forces, the exponential decay length is equivalent to the Debye length, which can be calculated from the ionic strength of the solution. The surface charge of the surfactant coating layer is known to be slightly positive due to the dissociation of small fraction of surfactant counterions (VB-) in water. In the previous study of CTVB molecules with various concentrations of NaSS, it was observed that the surface charge of the CTVB micelles can be varied from positive to negative with increasing concentration of NaSS via overcharging process. A series of zeta potential measurements showed that the charge inversion from positive to negative value occurred at NaSS concentration of about 7 mol. %. 27 Considering that this charge variation of CTVB is due to an overcharging process by surplus counterions (SS-), for simplicity, we can assume that ∼7 mol. % of CTVB molecules are dissociated into water as VB-ions contributing to the ionic strength of the solution, when there are no overcharging counterions such as SS-. The Debye length of the p-SWNT solution is then estimated to be ca. 8 nm, which is more than 20 times bigger than the decay length obtained from the data shown in Figure 3(a) . Therefore, the electrostatic repulsion force can be ruled out and the nature of the repulsion interaction of p-SWNTs can be identified as hydration force.
The large deviation of the fitting in the large interaxial spacing (a > 5.4 nm) may indicate that there are two regions with different types of interactions that are exponentially decaying functions. Although the line is not shown in Figure 3 (a), the slope (or decay length) of the best fitted line for large interaxial spacings (5.4-5.6 nm) is estimated to be λ = 0.26 ± 0.01 nm, which is slightly larger than that (λ = 0.17 ± 0.01 nm) for the shorter interaxial spacing range. The small decay length (λ = 0.26 nm), compared to the expected value from the electrostatic force (8 nm), implies that this interaction force even at the large interaxial spacings is not electrostatic in its origin. It should be noted that the both decay lengths are within the range of known exponential decay lengths for hydration forces found in other systems of 1D particles such as DNAs. 25, 44 It is worth noting that Podgornik et al., 45 have reported that the force per unit length vs. interhelical spacing of polymer-condensed DNAs shows two different regimes of hydration repulsion whose decay rates differ by a factor of approximately 2, which was attributed to the fluctuation-enhanced hydration force. In their DNA systems, the transition from pure hydration force to fluctuation-enhanced hydration force was observed when the inter-surface distance was about 1 nm and the decay length for the fluctuation-enhanced hydration was found to be about 0.6 nm. However, this fluctuation-enhanced hydration force may not be suitable to explain the changes of the slope in our P vs. a plot (Figure 3(a) ) considering that (1) the transition is observed when the inter-surface distance is about 0.2 nm (this corresponds to approximately 5.2 nm of interaxial spacing, since the diameter of p-SWNT is approximately 5 nm), much smaller than 1 nm, and that (2) the SWNTs are much more rigid 46 compared to DNAs or polymers. Even if the surfactant monolayer is not rigid and may be under the influence of thermal fluctuation, it may be heavily damped by the SWNTs.
In another attempt to describe the measured data over the full range of interaxial spacing, a more rigorous model for the hydration force rather than an empirical exponential function is used. Marcelja and Radic 38 have considered the hydration force resulting from a symmetric overlap of perturbed water in contact with surfaces as the two surfaces approach. In our surfactant coated p-SWNTs, structured water layers can be formed near the surfaces of coating layers by hydrogen bondings between water molecules and surfactant head groups. These water molecules, which have less degree of freedoms and preferred orientations, therefore, are different from bulk water in both structural and dynamics sense. When these water molecules from different p-SWNTs become closer in space, existing hydrogen bondings are disrupted and therefore it costs energy and becomes a repulsive force. In this formalism, the characteristic decay length of the empirical exponential function measured in the experiment is connected to the decay length of the propagation of structured water perturbation. In principle, there can be both repulsive and attractive hydration forces via symmetrically and asymmetrically oriented structured water molecules. However, since the assembly of hexagonal array is not a spontaneous process but induced by increasing pressure, there seems to exist only the symmetrically oriented structured water layers and no attractive components are considered in our system. 44 The osmotic pressure (a) from purely repulsive surfaces at a spacing a has been expressed with modified Bessel functions for cylindrical geometry, which is an appropriate choice of coordinates to describe the hexagonally arrayed p-SWNT system, as
where P 2 r is a measure of the strength of the repulsive water structuring on the two nearby surfaces, λ is the exponential decay length for the propagation of the water structuring, r is the radius of p-SWNTs, a is the interaxial spacing between neighboring p-SWNTs, and the I and K functions are modified Bessel functions. 44 We denote this model as the MR model following the names of authors. At large separations, the modified Bessel functions can be approximated by exponentials, and Eq. (4) is approximated as a single exponential function similar to Eq. (3),
It should be noted that, in this approximation, the decay length in Eq. (3) is half of the λ used in Eq. (4) or Eq. (5). In Eq. (4), the decay length has a specific physical meaning, the order parameter correlation length of water molecules, while the decay length of Eq. (3) is rather empirical. The measured data at all ranges of interaxial spacing could be well described by fitting with Eq. (4) as shown in Figure 3 (b) resulting in λ = 0.50 ± 0.10 nm, P 2 r = (3.17 ± 1.54) × 10 5 Pa, and r = 2.36 ± 0.01 nm as fitted parameters. Based on the fitting parameters, the interaction energy vs separation distance was also estimated (see Figure S1 in the supplementary material). 47 The parameter P 2 r largely depends on the surface properties such as polarity and roughness. For the p-SWNTs, which have surfactant coating layers with polymerizable counter-ion, it was found to be approximately an order of magnitude less than that of the condensed DNA double helices. The fitted radius of p-SWNTs (2.4 nm) was found to be slightly smaller than that was found from SANS measurements 23 (2.5 nm). The radius used in Eq. (4) defines the surface where the structuring of water begins. In this perspective, it is understandable that the hydration of surfactant head groups can make this radius effectively smaller than the "physical" radius determined from SANS or AFM measurements which include the head groups. The existence of water molecules that are strongly correlated with the surfactants which form micelles has been discussed for cetyltrimethylammonium bromide (CTAB) in Ref. 48 , and it was estimated that 43 water molecules bound to one CTAB molecule while five of those water molecules are most tightly bound to the CTAB and are clearly different from the bulk water molecules. Separate molecular dynamics simulations on micelle forming surfactant (sodium dodecyl sulfate (SDS) micelles of about 2 nm radius) show that the location of these structured water layers can be slightly within the interface of head group molecules and bulk water. 49, 50 Therefore, smaller radius of structured water layer (2.4 nm) than the radius of surfactant coated p-SWNT (2.5 nm) is understood.
IV. CONCLUSION
In summary, we have, for the first time, measured interaction forces between surfactant coated SWNTs when they are in proximity by osmotic stress technique. The MR model, which was based on the structured water model, successfully described P vs. a behavior of p-SWNTs with characteristic decay length of sub nanometer scale. The estimated decay length clearly indicates that the origin of the repulsive interaction between hexagonally packed p-SWNTs by osmotic pressure of PEG is hydration force. The model analysis also suggests the existence of structured water molecules at around a radius of 2.4 nm from the p-SWNT core. This new insight of interaction forces between functionalized SWNTs may provide key information for designing new advanced functional materials using SWNTs.
